The Xenopus homologue of hARH (human autosomal recessive hypercholesterolemia) was identified in a screen for vegetally localized RNAs. xARH contains a N-terminal phosphotyrosine binding (PTB) domain that is 91% identical to that of the human gene, a domain previously shown to bind the LDL receptor family members. Maternal xARH, unlike hARH, is present as two transcripts that differ in their 3 0 UTRs. The large transcript, xARH-a, primarily localizes to the oocyte vegetal cortex. The small transcript, xARH-b, is not localized. During embryogenesis, xARH RNA is found redistributed in a perinuclear pattern. Similar to hARH, xARH is found in the adult liver, but at low levels compared to oocytes. Downstream of the PTB domain is a conserved clathrin box and a C terminal region 50% identical to that of hARH. Previous in vitro studies from this lab have shown xARH can bind the LDLR as well as the vitellogenin (VTG) receptor. We find that injection of the C terminal region missing the PTB domain significantly reduces the internalization of VTG in early stage oocytes, an event that requires the VTG receptor. The data strongly suggest that xARH encodes an adaptor protein that functions in the essential receptormediated endocytosis of nutrients during oogenesis. Because xARH protein is found uniformly distributed along the animal/vegetal axis in oocytes, we propose that the localization of xARH-a to the vegetal cortex while xARH-b remains unlocalized, facilitates the uniform distribution of the protein in this extraordinarily large cell.
Introduction
Oogenesis in Xenopus is a lengthy process lasting some 8 months as stage I oocytes develop into polarized, fully grown stage VI oocytes. The oocyte volume increases 10,000 times over this period largely as a consequence of receptor mediated endocytosis of yolk precursor proteins from the blood (Danilchik and Gerhart, 1987; Hausen and Riebesell, 1991) . It is also during this time that the animal/ vegetal (A/V) axis is established and the large maternal stockpiles of molecular components and organelles are produced for later use by the embryo. The A/V axis predicts the primary germ layer organization of the embryo, signifying the importance of the polar organization of the oocyte for subsequent development.
One strategy used for generating polarity along the A/V axis in Xenopus is the localization of specific RNAs to opposite poles of the oocyte (Jansen, 2001; Kloc et al., 2001; Zhou and King, 2004) . The asymmetric inheritance of these localized RNAs by a restricted population of embryonic cells initiates regional differences in cell fate. Two general localization pathways targeting RNAs to the vegetal cortex have been identified (Forristall et al., 1995) . In general, the early or messenger transport organizer (METRO) pathway localizes germ cell determinants while a late pathway localizes RNAs involved in specifying the dorsoventral axis and the primary germ layers. Nine different RNAs have now been identified in the early pathway (Kloc et al., 2001) . One such RNA, Xdazl, encodes an RNA binding protein essential for primordial germ cell migration in tailbud embryos (Houston and King, 2000) . Five RNAs, Vg1, VegT, bTrCP-2/3, Fatvg and xBic-C (Chan et al., 1999; Hudson et al., 1996; Mowry and Melton, 1992; Wessely and De Robertis, 2000; Zhang and King, 1996) have been identified that use the late, microtubule dependent pathway. With the exception of bTrCP-2/3, which encodes a subunit of a ubiquitin-protein ligase E3 required for the dorsoventral patterning of the embryo (Liu et al., 1999) , late pathway RNAs appear to play various roles in establishing endoderm/mesoderm fate. For example, VegT is a transcription factor essential for initiating the genetic pathway for these germ layers , while Vg1, a member of the TGF-beta family, has been implicated in dorsal mesoderm induction and in endoderm specification (Joseph and Melton, 1998) .
The localization of late pathway RNAs depends on signals found in the 3 0 UTR that contain clusters of repeated motifs, 4-6 nucleotides in length. Deletion analysis has identified two motifs critical for the localization of Vg1 and VegT. E2 (UUCAC) (Deshler et al., 1998) and VM1 (UUUCUA) (Gautreau et al., 1997) serve as sites recognized by specific RNA binding proteins also shown to be important in localization (Cote et al., 1999; Kwon et al., 2002) . Clustered E2 and VM1 sites have been suggested to comprise a consensus localization signal, and as such, would be predicted to be in other RNAs localized during the late pathway (Betley et al., 2002; Bubunenko et al., 2002) .
In a previous study designed to identify genes involved in establishing embryonic cell lineages, we performed a differential screen for RNAs localized to the vegetal cortex in frog oocytes (Zhang and King, 1996) . The present study describes one such mRNA identified in the screen, Xcat4. We find that Xcat4 is a homologue of human autosomal recessive hypercholesterolemia (ARH). Human ARH has been identified as an adaptor protein required for LDL receptor function in adult liver (Garcia et al., 2001; He et al., 2002) , but the expression of hARH during oogenesis and embryogenesis has not been reported. Here we show that xARH is highly expressed in Xenopus oocytes and embryos as two transcripts that differ in their 3 0 UTR and their subcellular location. We further show that injection of a dominant negative form of xARH protein missing the putative receptor binding domain reduces internalization of vitellogenin (VTG) in oocytes. Our results support a role for xARH as an adaptor protein that mediates receptor endocytosis of lipoproteins in oocytes. We propose that localization of one form of xARH mRNA to the vegetal cortex may be required for the uniform uptake of nutrients along the A/V axis.
Results

Xcat4 is homologous to human ARH (autosomal recessive hypercholesterolemia)
A differential screen for maternal mRNAs localized in the vegetal cortex of fully grown oocytes identified a candidate 2.0 kb clone, Xcat4 Zhang and King, 1996) . DNA sequencing indicated a complete 3 0 UTR but did Fig. 1 . Sequence alignment of xARHa, b and hARH. The residues conserved between Xenopus and human (Garcia et al., 2001) (Yan et al., 2002) . The central region of the ORF contains a putative clathrin box, LLDLE, suggesting that the protein may bind to clathrin. Interestingly, this ORF was recently shown to code for a gene linked to human autosomal recessive hypercholesterolemia (hARH) (Garcia et al., 2001 ). Genetic and biochemical data indicate that hARH is a putative adaptor protein required for the normal internalization of the hepatic LDL receptor (He et al., 2002) . Because plasma cholesterol is cleared predominantly by the LDL receptor in liver, mutations in the hARH gene cause elevated levels of blood cholesterol (He et al., 2002 ).
The Xcat4 gene shows an overall 72% identity with hARH at the amino acid level (Fig. 1) . The hARH PTB domain is 91% identical to that of Xcat4. The putative clathrin box is also conserved between Xenopus and human ARH (Fig. 1) . The C terminal region of ARH is less well conserved (, 50% identical) with the exception of short conserved stretches. The N-terminal 28 amino acids of ARH are highly conserved (, 90% identical) suggesting potentially important function(s) for this region. Interestingly, hARH is expressed as a single transcript 3.1 kb in length and contains a 3 0 UTR similar in length to that of the 3.1 kb Xcat4 transcript. The sequence comparison suggests strongly that Xcat4 is the frog ortholog of human ARH. Therefore, Xcat4 is subsequently referred to as xARH.
Two transcripts of xARH localize to different locations in Xenopus oocytes
Whole mount in situ analysis of the endogenous xARH transcript confirmed its localization within the vegetal cortex and showed that the RNA was expressed throughout oogenesis ( Fig. 2A, B) . xARH was homogeneously distributed in stages I and II oocytes, and only later localized primarily to the vegetal cortex. The localization pattern is consistent with the late RNA pathway as defined by Vg1 and VegT RNAs (Weeks and Melton, 1987; Fig. 2 . Localization patterns of xARH isoforms during oogenesis. Oocytes are oriented with animal pole on top. Sense probe served as the negative control. (A) xARH localizes to the vegetal cortex (arrow). DIG labeled xARH probe covering the coding region was hybridized to bisected stage V oocytes. (B) xARH localizes to the vegetal cortex of oocytes through the late pathway. Whole mount in situ analysis of stage I -VI albino oocytes. In early (small) stage oocytes, xARH distributes homogeneously while in late (large) stage oocytes, xARH localizes to the vegetal pole. Staining was also found within the animal hemisphere. (C) Stage VI oocytes and 16-cell embryos were bisected into animal and vegetal halves and total RNA isolated. Isoforms of xARH localize to different domains in oocytes and embryos. Northern blot analysis of RNA from total oocytes or embryos (T), animal (A) or vegetal (V) halves using the full-length xARH probe. ODC served as a loading control. Zhang and King, 1996) . However, in situ analysis using albino oocytes also revealed weak staining throughout the oocyte when compared to the sense controls, suggesting the presence of xARH RNA in the animal hemisphere (Fig. 2B) .
To confirm that the hybridization signal detected in the animal hemisphere was significant, we examined the distribution of xARH in oocytes by northern blot analysis using RNA extracted from animal and vegetal halves of stage VI oocytes (Fig. 2C) . Surprisingly, two RNAs were detected, one 3.1 kb and the other 1.4 kb in size. Compared with a non-localized RNA, ornithine decarboxylase (ODC), the larger transcript was predominantly in the vegetal half (A/V ratio is 0.078) while the smaller transcript was not localized (A/V ratio is 1.09) (Fig. 2) . Northern blot analysis of vegetal cortices confirmed that only the large transcript was localized in the cortex (data not shown).
Cloning of the small transcript and sequence analysis
To determine the relationship between the two transcripts, Xenopus EST databases were searched and several candidates were identified for the 1.4 kb transcript. PCR primers were designed to specifically amplify the small transcript but not the large one. As expected, a 1.4 kb PCR fragment was amplified from stage VI oocyte cDNA. DNA sequence analysis of the PCR fragment indicated that at the nucleotide level, the two transcripts were approximately 90% identical in the overlapping region covering the 5 0 UTR, coding region and 300 nts of the 3 0 UTR and 94% identical within the ORFs. The longer transcript continued for another 1700 nt of 3 0 UTR. Both transcripts had a putative polyadenylation signal (ATTAAA) , 300 nts downstream of the stop codon, very close (25 nucleotides) to the 3 0 end of the 1.4 kb transcript (Wahle and Ruegsegger, 1999) . The 3.1 kb transcript had another putative polyadenylation signal 18 nts from its 3 0 end (Fig. 3A ). At the amino acid level, the two transcripts encode virtually identical proteins (97%), and will be referred to as xARHa (3.1 kb) and b (1.4 kb). The non-identical residues are dispersed throughout the protein sequence suggesting that the two transcripts are from different genes (Fig. 1) .
To confirm that the large transcript has a longer 3 0 UTR, a northern blot was performed using a probe covering only the 3 0 end of the 3.1 kb transcript (probe A in Fig. 3A ). As expected, this anti-sense probe only detected the 3.1 kb transcript and not the 1.4 kb transcript. When the blot was stripped and re-probed with a sequence representing the xARH large transcript, both transcripts were now detected (Fig. 3B ). These results are consistent with the large transcript having a longer 3 0 UTR. The exact 5 0 ends of the transcripts have not been determined experimentally. However, based on northern blot analysis, any putative missing sequence from the 5 0 ends is unlikely to be more than a few hundred nucleotides.
Because the two xARH transcripts differed in their ability to localize to the vegetal cortex, we next searched the 3 0 UTR regions for clusters of E2 and VM1 motifs, predictive of a RNA localization signal (Betley et al., 2002; Bubunenko et al., 2002) . As expected, the 3.1 kb transcript contains a set of such motifs near the end of the 3 0 UTR, the region missing in the non-localized 1.4 kb RNA. Interestingly, there are no E2 sites (UUCAC) within the 3 0 UTR of the shorter xARH (Fig. 3C) . We conclude that the longer 3 0 UTR in xARHa confers competence for vegetal localization.
xARHa and b RNAs are expressed in early stage embryos and adult tissues
The expression pattern of the xARH RNAs in early stage embryos was studied by northern blot analysis. The levels of both transcripts remain constant in early stage embryos, but decrease during gastrulation, reaching barely detectable levels by tailbud stages (Fig. 4A) . The localization of the RNAs is dramatically different in embryos than in oocytes. The large transcript is apparently released after maturation and becomes distributed along the A/V axis (A/V ratio is 0.40) while the smaller transcript changes very little in its distribution (A/V ratio is 1.29) (Fig. 2C) . Furthermore, xARH RNA is now found localized in each cell around the nucleus (Fig. 4B) . Results from whole mount in situ experiments with a probe specific for xARHa confirmed that xARHa was now found around nuclei in the animal hemisphere ( Fig. 4B and data not shown) . The perinuclear localization suggests maternal xARH functions in early stage embryos as well as in oocytes.
The human homologue of xARH is expressed in liver, kidney, placenta and spleen. Ovary was not tested in the study (Garcia et al., 2001) . Only a 3.1 kb transcript could be detected in adult tissues. We asked if either one or both of the xARH transcripts were expressed in adult frog tissue. The highest levels of expression for both xARHa and b RNA were found in the ovary with expression also detected in liver and spleen. Only a very weak signal could be detected in either testis or heart (Fig. 4C) . Therefore, the tissue distribution pattern for ARH in frogs is similar to that found in humans (Garcia et al., 2001) , raising the distinct possibility that xARHa, b and hARH perform similar functions in these tissues.
Expression of xARH C terminal region inhibits vitellogenin uptake in oocytes
As a step towards identifying what receptors xARH may interact with in vivo, we focused on oogenesis, a time when xARH was highly expressed (Fig. 4C) . Vitellogenesis is an essential function in oogenesis that requires VTG receptor mediated endocytosis of the nutrient vitellogenin from xARH is expressed at high levels in ovary and at relatively low levels in liver and spleen. Some signal can also be detected in heart and testis. 18 s rRNA served as the loading control. the blood. Xenopus oocytes have between 0.2 and 3 £ 10 11 VTG receptors per cell (Opresko and Wiley, 1987) . VTG receptors belong to the low-density lipoprotein receptor family and thus might be expected to interact with xARH (Cheon et al., 2001; Okabayashi et al., 1996; Schonbaum et al., 1995) . Recently, we showed that the VTG receptor can bind xARH in vitro (Zhou et al., 2003) . In that study, a dominant negative form of xARH containing the PTB domain but lacking a functional C terminal domain was injected into oocytes. Presumably, the mutant protein bound the VTG receptor, but could not associate with the endocytic machinery. Although vitellogenesis was significantly reduced in these experiments, the question remained whether the PTB domain was required for VTG receptor binding or whether the AP2 complex could bind this receptor through the C terminal region. Therefore, we overexpressed a dominant negative form of xARH missing the PTB domain and determined the effect on vitellogenesis in cultured oocytes (Opresko, 1991) . The C terminal region of xARH, shown to bind the AP2 complex directly (Zhou et al., 2003) , was fused with GST and expressed in E. coli. The purified GST-C fusion protein was injected into oocytes at stages very active in vitellogenesis (stage III). After an overnight culture, the oocytes were incubated in medium containing biotin labeled VTG. The internalized biotin -VTG was detected by blot analysis using streptavdin -HRP. Compared to the injection of GST alone, GST-C injection reduced the amount of biotin -VTG internalized by up to 50% in three independent experiments (Fig. 5) . These results show the PTB domain is critical to the process of VTG uptake, although we cannot rule out a more general inhibition of endocytosis by the mutant protein.
Discussion
xARH is a homologue of human ARH
In the present study we have shown that a novel localized maternal RNA in Xenopus is likely the homologue of human ARH. Mutations in hARH lead to autosomal recessive hypercholesterolemia, a condition caused by defective internalization of the low density lipoprotein receptor (LDLR) in the liver (Garcia et al., 2001) . xARH and hARH are very similar at the amino acid level. The PTB domains are , 91% identical and the putative clathrin boxes are also conserved (Fig. 1) . Both xARH and hARH are expressed in liver and spleen (Fig.  4C) (Garcia et al., 2001 ). The extensive sequence homology and similar tissue expression pattern between xARH and hARH suggest they have evolved from a common ancestor and likely have similar functions in Xenopus and humans. In vitro studies show that hARH binds LDLR through its PTB domain and interacts with the endocytic machinery through motifs in its C terminal region (He et al., 2002; Mishra et al., 2002) .
xARH is expressed as two transcripts in Xenopus
We found that xARH is expressed at high levels during oogenesis and embryogenesis. The expression levels in the adult tissues are significantly lower. In all cases, xARH was expressed as two very similar transcripts, , 90% identical at the nucleotide level within overlapping regions and , 94% within the ORFs. While xARHa is the same length as hARH, xARHb has a truncated 3 0 UTR. The two transcripts may represent copies of the ARH gene that arose when the entire genome of Xenopus duplicated approximately 30 million years ago (Loreni et al., 1985) . An apparently inactive polyadenylation signal, ATTAAA, is present in the central region of xARHa, but is missing from the corresponding region in hARH. The polyadenylation signal likely remains inactive in xARHa because the surrounding context is not optimal (Wahle and Ruegsegger, 1999) . xARHa and b have also diverged in their coding regions. Differences between Xenopus duplicate copies are in the range of 4.5-24.9% in the ORF regions (Fritz et al., 1989; Knochel et al., 1985) . The divergence between xARHa and b (, 6% in the ORF regions) lies within this range. Although we cannot rule out the possibility that xARHa and b are two different alleles, the divergence between two alleles is typically lower. The internalized biotinylated VTG was detected using streptavidin -HRP conjugate. The nitrocellulose membrane was stained with Ponceau S to visualize total protein and the lipovitellin band was used as a loading control as it was found to reflect the total protein value. (B) The quantities of the internalized biotin-VTG were measured with ChemiImager 5500 software (Alpha Innotech Corporation). The quantity of the biotin-VTG internalized in the uninjected control was taken as 100%. Injection of GST had no effect while GST-C injection reduced uptake in a dose dependent manner. Three independent experiments were performed. The error bars show the standard deviations.
xARH RNAs localize in Xenopus oocytes and embryos
xARHa RNA localizes during the late pathway to the vegetal cortex while xARHb RNA is unlocalized in oocytes (Fig. 2) . Recent studies have proposed that the clustering of specific redundant protein binding motifs within the 3 0 UTR region, such as UUCAC (E2) and UUUCU (VM1), can constitute a signal that directs mRNAs to the vegetal cortex (Betley et al., 2002; Bubunenko et al., 2002; Lewis et al., 2004) . Examination of the entire 3 0 UTR region in xARHb revealed two VM1 and no E2 sites. In contrast, xARHa contains three E2 repeats and three VM1 repeats within 435 nt near the end of the 3 0 UTR, a region missing in xARHb. Therefore, our findings are consistent with a model proposing clusters of specific motifs predict a functional RNA localization signal. Further detailed mutant analysis will be required to determine the minimal xARHa RNA localization signal.
Inheritance of asymmetrically localized RNAs in the egg is a well-documented strategy for generating differences in cell fate during development (Bashirullah et al., 1998) . Recently, it has been shown that polarizing the machinery for receptor-mediated endocytosis can influence cell fate decisions. In Drosophila, the localization of numb protein into specific progeny of the sensory organ precursor cell determines the fate of those cells to become either a neuron or sheath cell (Berdnik et al., 2002) . Numb is a PTB domain protein related to xARH (Bork and Margolis, 1995) and appears to function by down regulating the signaling activity of the receptor Notch through linking Notch to the endocytic complex, AP2. In the Drosophila oocyte, the membrane recycling pathway is polarized towards the posterior pole through the localization of the AP2 subunit a-adaptin and the GTPase Rab11 (Dollar et al., 2002) . This polarized Rab11-mediated receptor recycling is critical to osk mRNA translation and anchoring at the posterior pole. The localization of osk RNA and protein is an essential step in establishing the germ cell lineage at the posterior pole (Lehmann and Nusslein-Volhard, 1986) .
Localizing xARHa RNA to the vegetal cortex could serve several purposes. At the time of active vitellogenesis, the oocyte is an enormous cell with a diameter of 0.5 -0.8 mm. As yolk accumulates, the nucleus is displaced into the animal hemisphere where poly A þ RNA will accumulate to four times the level it does in the vegetal hemisphere (Phillips, 1982) . Active transport rather than free movement of the xARHa mRNA to the vegetal pole may be required to achieve the sufficiently high levels of protein required for the active uptake of lipoproteins during vitellogenesis in the vegetal plasma membrane region, a site distant from the nucleus. Indeed, Danilchik and Gerhart (1987) have shown that VTG is taken up uniformly along the A/V axis during oogenesis. Consistent with this observation, we have shown that xARH protein in oocytes is concentrated at the cell periphery and generally found uniformly distributed along the A/V axis (Zhou et al., 2003) .
Apparently, localized xARHa RNA does not generate localized xARH protein in the oocyte and thus it is not clear why this RNA is asymmetrically localized. We suggest that perhaps an efficient mechanism to achieve uniform VTG uptake in such an extraordinarily large cell is to localize xARHa mRNA at the vegetal cortex while xARHb remains unlocalized, facilitating the uniform distribution of the protein.
RNA localization may be a common mechanism to achieve high protein concentrations in the plasma membrane region. For example, b-actin mRNA localization to the leading edge is required for fibroblast cell migration, producing high levels of b-actin protein for polymerization within the leading edge (Hill and Gunning, 1993; Kislauskis et al., 1997) . In situ hybridization analysis of chicken oocytes suggests that VTGR mRNA, encoding the receptor for the yolk protein, may relocalize to the cell periphery upon the onset of oocyte growth (Bujo et al., 1994) . Alternatively or in addition, xARHa may be involved in a polarized receptor signaling pathway and contribute to specifying cell fates within the endoderm during embryogenesis. Such a role would depend on what receptor(s), perhaps vegetally localized, interacts with xARHa at the vegetal cortex.
The vegetal localization of xARHa RNA in oocytes is not maintained after maturation. Whole mount in situ experiments showed that in embryos prior to the mid-blastula transition, xARHa is now perinuclear throughout the embryo. As RNA transcription does not occur at this time and the total amount of xARH RNA remained relatively constant (Fig. 2C) , we conclude that at least a portion of xARHa redistributes to the perinuclear region. Interestingly, this RNA localization pattern precisely coincides with the high level of xARH protein now found there (Zhou et al., 2003) . Maternal xARH RNA then, is both translated and stockpiled in this new location in the embryo, becoming equally distributed to blastomeres during cell division. xARH is the only Xenopus RNA identified so far to have a perinuclear localization pattern. Human Numb is also partially concentrated at the perinuclear region and colocalizes with endosomes and the TGN (Santolini et al., 2000) . Similar to our finding with xARH, over-expression of the C terminal region of Numb inhibits the endocytosis of receptors, in this case the EGF and transferrin receptors (Santolini et al., 2000) . The perinuclear and peripheral location of xARH suggests that its function in embryogenesis is also in receptor-mediated endocytosis, but this remains to be directly demonstrated.
Functional studies of xARH
Previous work had shown that xARH is capable of binding the VTGR in vitro. Furthermore, over-expression of a mutant form of xARH lacking functional AP2 binding sites reduced VTG uptake in oocytes (Zhou et al., 2003) . However, that study did not show a requirement for the PTB domain in VTG binding, leaving open the possibility that the endocytic machinery could bind the receptor through the C terminal region. Overexpression of a xARH mutant protein missing the PTB domain dramatically reduced the uptake of labeled vitellogenin in cultured oocytes (Fig. 5) . Our results indicate that the PTB domain in xARH is required for the uptake of VTG during oogenesis, and further strengthen our hypothesis that xARH plays a critical role in nutrient uptake during oogenesis. Future work will identify other receptor partners for xARH in oocytes and embryos and thus, further expand our understanding of the roles these localized maternal RNAs may play in development.
Experimental procedures
Xenopus oocytes and embryos
Albinos and wild type adult frogs were purchased from Xenopus one or Xenopus Express. Oocytes isolated from adult frogs were staged according to Dumont (1972) . Oocytes were isolated by collagenase A (Roche Molecular Biochemicals) treatment as previously described (MacArthur et al., 1999) . Oocytes were sorted as to stage and either frozen at 2 80 8C for later biochemical analysis or fixed for 2 h in MEMFA (3.7% formaldehyde, 0.1 M MOPS pH7.4, 2 mM EDTA, 1 mM MgSO 4 ), and stored in ethanol at 2 20 8C for subsequent in situ hybridization analysis. Ovulated eggs from hCG induced females were fertilized in vitro for embryo production and embryos staged according to the normal table of Nieuwkoop and Faber (1975) .
Cloning of xARH
The original 2 kb Xcat4 cDNA clone was obtained from a differential screen of a cDNA library enriched in localized RNAs (Zhang and King, 1996) The insert of this clone B2, in the vector pSPORT1 (Life Technologies), was sequenced in both directions using the Sequenase v2.0 kit as recommended by the supplier (Amersham/USB). To obtain full-length sequence, 5 0 RACE was performed on stage I oocyte total RNA using the Marathon RACE kit (Clontech) according to the manufacturer's instructions. The resulting 5 0 RACE 1.2 kb fragment (IIf5) was cloned into pSPORT1. Sequence analysis identified Xcat4 as ARH, now referred to as xARHa (GenBank accession number AY344472). The 1.4 kb xARHb was isolated by PCR using primers (SU1: GAGGGAGAGGGAAAAGTTTG, SD2: TTCTTATGG-TAGTGAATTTGTAGC) designed according to the following EST sequences at GenBank accession number BF428464, AW198917, and AW148164. Stage VI oocyte cDNA was used as template in these reactions. The 1.4 kb PCR product was cloned into T easy vector (Promega) and three resulting clones were sequenced. GenBank accession number is AY344473 for xARHb.
Expression and purification of fusion proteins
The C terminal region (primers: CU: GGAATTCATG-GAAGACTGTACCAAAGC, HD: ACTCGAGCTGG-TAGCTTCAGAAGTGT) of xARHa was PCR amplified and cloned into pGEX-5X-1 (Pharmacia) to generate the GST-tagged fusion protein. Vector plasmid and the insert were double digested with Eco RI and Xho I. Plasmid was transformed into E. coli strains BL21 for prokaryotic expression.
pGEX-C was grown in a 50 ml overnight culture in LB medium containing ampicillin (LB-amp) at room temperature. The culture was then diluted into 600 ml of fresh TB-amp and grown to an OD 600 of approximately 2.0. Expression was induced by the addition of isopropyl-1-thiob-D-galactopyranoside (IPTG) to a final concentration of 1 mM. After 1.5 h of induction at room temperature, cells were collected by centrifugation. To purify GST-C protein, the pelleted cells were resuspended in 40 ml of B-PER reagent (Pierce) and 800 ml of lysozyme (10 mg/ml) was added. After an incubation period of 20 min with shaking at room temperature, insoluble proteins were removed by centrifugation at 20,000g for 20 min. Two milliliters of glutathione beads (Amersham) were added to the supernatant fluid and incubated for 1 h with mixing. After washing three times with 20 ml of PBS, the GST-C fusion protein was eluted with glutathione buffer (50 mM Tris, pH 8.0, 10 mM reduced glutathione). Approximately 6 mg of GST-C was obtained (quantified with BioRad Protein Assay reagent) and solubilized in PBS for oocyte injection.
Northern blot analysis
Oocytes and embryos were fixed in 98% ethanol, 2% acetic acid and bisected into animal and vegetal halves RNA was isolated using Trizol reagent (Invitrogen) and transferred to a nylon membrane. Hybridization was performed overnight at 42 8C in hybridization buffer containing 2.0 £ 10 6 cpm/ml radiolabeled probes and the blot subsequently exposed to a PhosphorImager screen.
Whole-mount in situ hybridization and histology
Whole-mount in situ hybridization was performed essentially as described in Harland (1991) with modifications and histological procedures as detailed in Houston et al. (1998) . xARHa antisense digoxygenin-labeled RNA probes were generated by linearizing the IIf5 plasmid with NotI and transcribing with T7 RNA polymerase. Sense probes were linearized with EcoR I and transcribed with SP6 RNA polymerase.
Purification and labeling of Xenopus vitellogenin
Vitellogenin purification was performed according to Opresko (1991) . For biotinylation, vitellogenin (10 mg) was dissolved in 1 ml of PBS and 0.5 mg of Sulfo-NHS-LCBiotin (Pierce) powder was added directly, with mixing, into the protein solution. The tube was incubated on ice for 2 h. The unconjugated biotin was removed using a desalting column (M.W. cutoff 5000). The biotinylated vitellogenin was concentrated with Microcon YM-30 and stored at 2 20 8C in 50% glycerol.
Vitellogenin uptake assay
Stage III/IV oocytes were obtained using the collagenase treatment on day 1 and incubated in OCM (60% Liebovitz L-15 medium, 0.4 mg/ml BSA, 1 mM glutamine, pH 7.6) overnight. On day 2, GST or GST-C was injected into the oocytes. On day 3, the oocytes were transferred into OR2 medium (82.5 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 1 mM Na 2 HPO 4 , 5 mM HEPES, pH 7.8) containing 5 mg/ml BSA and 0.25 mg/ml biotinylated vitellogenin. After incubation at room temperature for 5 h, the oocytes were washed with OR2. The surface bound vitellogenin was removed by washing with 25 mM EDTA, 0.5 M NaCl, 0.1 M glycine -NaOH pH 9.5 for 40 min (Opresko, 1991) . The oocytes were boiled in SDS loading buffer and analyzed by western blot using streptavidin -HRP (Pierce) at 1:50,000 dilution.
